The Escherichia coli heat-stable enterotoxin STp is synthesized as a precursor consisting of pre, pro and mature regions. Mature STp is released into the culture supernatant and is composed of 18-amino-acid residues which contain three intramolecular disulfide bonds. The involvement of DsbA in the formation of the disulfide bonds of STp was examined in this study. A dsbA mutant was transformed with a plasmid harboring the STp gene, and the ST activity was significantly lower than that of the parent strain harboring the same plasmid. Furthermore, purified DsbA induced the conversion of synthetic STp peptide (inactive form) to the active form and increased the ST activity of the culture supernatant derived from the dsbA transformants. These results showed that DsbA directly catalyzes the formation of the disulfide bonds of STp. DsbA is located in periplasmic space, where STp is released as an intermediate form consisting of the pro and mature regions. To examine the effect of the pro region on the action of DsbA, we replaced the cysteine residue at position 39 and tested the effect in vivo. The substitution caused a significant decrease of ST activity in the culture supernatant, the accumulation of inactive ST in periplasmic space, and an alteration in the cleavage site of the intermediate of STp. We conclude that Cys-39 is important for recognition by the processing enzymes required for the maturation of STp.
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Escherichia coli heat-stable enterotoxin I (ST) is an extracellular peptide consisting of 18 (STp) or 19 (STh) amino acid residues (1, 31) . The toxin has six cysteine residues, which form three intramolecular disulfide bonds. In STp, three disulfide bonds are formed between the cysteines at positions 5 and 10, 6 and 14, and 9 and 17 (11) . The same disulfide arrangement is found in STh (26) . These intramolecular disulfide bonds are important for the correct conformation of the biologically active structure (8, 18, 21, 35) .
We demonstrated that STp is synthesized as a precursor of 72-amino-acid residues in vivo and showed that the precursor of STp consists of a pre region (amino acid residues 1 to 19), a pro region (amino acid residues 20 to 54), and a mature ST region (amino acid residues 55 to 72) (20) . STh is also synthesized as a precursor of 72-amino-acid residues consisting of these three regions (10, 25) . The pre region of these STs is composed of a conventional leader peptide, which is cleaved by the signal peptidase after the initiation of translation of the STp mRNA. This cleavage allows the resulting peptide (promature peptide) to translocate through the inner membrane to the periplasm. To be converted into mature active STp, the translocated pro-mature peptide must be processed and intramolecular disulfide bonds must be correctly formed. However, the details of these events, especially the disulfide bondforming pathways, have not been elucidated.
Recently, two independent investigations have revealed that a periplasmic protein, termed DsbA, is responsible for disulfide bond formation in some periplasmic and outer membrane proteins of E. coli (3, 5) . Subsequently, the disulfide bonds of proteins such as 1-lactamase (5) , alkaline phosphatase (2, 5, 13) , heat-labile enterotoxin (37) , OmpA (5) , pullulanase (23) and flagella (6) are reported to be formed by E. coli DsbA. Furthermore, a DsbA-like protein that can form disulfide bridges has been identified in Vibrio cholerae (22, 37) and Haemophilus influenzae (32) . These DsbA-like proteins are required for the secretion of cholera toxin A (22) and cell envelope protein (32) . We thus proposed that DsbA is involved in the formation of disulfide bonds in STp. Therefore, we examined the effect of DsbA and the role of the pro region in forming the disulfide bonds of STp.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli JCB570 [araD139 Aara(ABC-leu)7679 galU galK A(lac)74 rpsL thi phoR zih-12::TnlO] was the dsbA + wild-type strain and E. coli JCB571 (JCB570 dsbA::kanl) was the dsbA mutant strain. Both were kindly provided by J. C. A. Bardwell (5) . E. coli HB101, whose chromosome contains the dsbA gene, was also used as a host strain in some experiments. Plasmid Tc-1, containing the STp gene, was the wild-type plasmid (27) . Tc peptides were washed by repeated precipitation in diethyl ether, solubilized in trifluoroacetic acid, and evaporated to dryness. The dry peptide was then dissolved in phosphatebuffered saline.
Oligonucleotides were synthesized on an Applied Biosystems model 391 DNA synthesizer by the phosphoramidite method and purified as described previously (19) .
Oligonucleotide-directed site-specific mutagenesis. The cysteine residue at position 39 in the pro region of STp was replaced by other amino acid residues by oligonucleotidedirected site-specific mutagenesis according to the plasmid method described by Inouye and Inouye (12) . Oligonucleotides 105, 108, and 109 were designed to direct the mutagenesis of Cys-39 to Leu-39, Ala-39, and Ser-39, respectively ( Table 1) . The plasmid Tc-1 was used for the mutagenesis, and mutations were confirmed by DNA sequencing. The plasmids obtained were designated pTB105, pTB108, and pTB109, as shown in Table 1 .
To introduce a recognition site for NspV into the portion of the gene coding for the carboxyl terminus of the pro region of the Cys-39-mutated STps, the DNA sequence around the amino acid residue Met-53 of each mutant was changed by oligonucleotide-directed site-specific mutagenesis. Oligonucleotide 601 was used as mutagenic oligonucleotide (20) . Plasmids pTB205, pTB208, and pTB209 were derived from pTB105, pTB108, and pTB109, respectively, by the mutation ( (17) . The resulting plasmid was designated pDS01.
Cell fractionation. E. coli harboring the appropriate plasmid was grown to an optical density of 1.0 at 660 nm in Luria broth (16) containing ampicillin (50 ,ug/ml) at 37°C with shaking. The cells were pelleted by centrifugation and then suspended to an optical density of 0.8 at 660 nm in M-63 glucose minimal medium supplemented with ampicillin (50 ,ug/ml) and amino acids (50 p.g/ml) except cysteine (4, 7). The cell suspension was cultured to an optical density of 1.3 at 660 nm at 37°C with shaking, and then the cells were sedimented by centrifugation.
The cell pellet was suspended in 10 mM Tris-HCl buffer (pH 7.5) and sonicated. The insoluble residues in the sample were removed by centrifugation. The volume of the supernatant was adjusted to 1/10 that of the culture supernatant. This solution was referred to as the cell lysate fraction.
Purification of DsbA. DsbA was purified by the method of Akiyama et al. (3) with some modifications. E. coli JCB571/ pDS01 was shaken overnight at 37°C in Luria broth containing ampicillin (50 ,ug/ml). The cells were harvested by centrifugation, and the periplasmic fraction was prepared with polymyxin B (34) . This fraction was dialyzed against 10 mM phosphate buffer (pH 7.0) at 4°C. The dialysate was centrifuged, and the supernatant was isoelectrofocused on an ultrodex gel with ampholines (pH 4 to 6) (Pharmacia LKB, Uppsala, Sweden). The sample, prepared from a 6-liter culture (about 50 mg of protein), was mixed with 1.58 g of ultrodex gel and 1.6 ml of ampholines. This mixture was resolved by electrophoresis after being smeared on a glass plate (14 by 10 cm). Pieces of gel (5-mm wide) were excised and transferred separately into 1 ml of distilled water. Fractions containing DsbA were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis VOL. 176, 1994 on November 7, 2017 by guest http://jb.asm.org/ Downloaded from (SDS-PAGE), collected, and dialyzed against 10 mM phosphate buffer (pH 7.0). The dialysate was applied to a Mono Q column (fast-protein liquid chromatography system; Pharmacia LKB Biotechnology) and eluted with a gradient of 0 to 0.5 M NaCl in the same buffer. The fractions containing DsbA were concentrated with a collodion bag (Sartorius, Gottingen, Germany) under reduced pressure, and the concentrated sample was separated by Superose 12 column chromatography (fast-protein liquid chromatography system).
Purification of STp from culture supernatant. E. coli HB101 harboring the appropriate plasmid was shaken in Luria broth containing ampicillin (50 ,ug/ml) at 37°C overnight. The supernatant was separated from the cells by centrifugation. Ammonium sulfate was added to the supernatant (90% saturation), and then the precipitate was recovered by centrifugation and dissolved in distilled water. Methanol was slowly added to the sample solution to a final concentration of 90% to remove the ammonium sulfate in the solution. The resulting precipitate was composed mainly of ammonium sulfate, and STp was not affected by this procedure. The precipitates were removed by centrifugation (15 ,000 x g, 20 min). The supernatant was concentrated by rotary evaporation under vacuum at 45°C until the methanol was completely removed. The concentrate was applied to successive column chromatography on DEAE-Sephadex A-25, Sephadex G-75 (Pharmacia-LKB), and reversedphase high-performance liquid chromatography (HPLC) with an ODP-50 column (Asahi Chemical Industries Co., Tokyo, Japan). Contaminants were removed by rechromatography on the same ODP-50 column.
Assay of ST activity. ST activity was determined by means of the suckling mouse assay as described elsewhere (19) . Briefly, 0.1-ml samples were administered via a gastric tube into the stomachs of 2-to 3-day-old suckling mice, with 0.01% Evans blue dye as a marker. The mice were killed 3.0 h later, and a ratio of intestinal weight to body weight of more than 0.083 was considered positive. One unit was defined as the minimum effective dose that gave positive response, and the enterotoxin titer was expressed as the reciprocal of the highest dilution that gave 1 U of enterotoxin activity. The enterotoxic activity of each sample was determined in five mice.
Protein sequence determination. STp was analyzed with a protein sequencer (model 473A; Applied Biosystems) connected to a phenylthiohydantoin analyzer. The apparatus was operated according to the manufacturer's instructions. SDS-PAGE. SDS-PAGE was performed as described by Laemmli (14 regions (20, 34) . As the intermediates are soon translocated into culture medium, they are difficult to quantify (36) . Therefore, we used fusion proteins containing the amino-terminal region of STp (pre and pro regions) and the nuclease A mature region (the entire fusion protein was referred to as pre-pronuclease A). The processed fusion protein is located in periplasm and can be quantified by SDS-PAGE (20, 34) . Plasmid pKK605 carrying the gene for fusion protein composed of the native amino terminus of STp and nuclease A (20) was introduced into JCB570 (dsbA +) and JCB571 (dsbA mutant). Both transformants were shaken in Luria broth containing ampicillin (50 ,ug/ml) at 37°C, and periplasmic fractions from each culture were prepared with polymyxin B (34) . The periplasmic fractions were analyzed by SDS-PAGE. The fusion proteins produced by the two strains migrated to the same position on the gel and were produced to similar steady-state levels (data not shown), showing that the dsbA mutation did not affect the biosynthesis and translocation of STp.
Next, the effect of the dsbA mutation on cellular ST activity was examined. The culture supernatant and the cell lysate fraction of E. coli JCB570(dsbA+)/Tc-1 and E. coli JCB571 (dsbA mutant)/Tc-1 were prepared, and the ST activities in these samples were determined. ST activity was not found in either cell lysate fraction. However, the ST activity of the culture supernatant was strongly affected by the dsbA mutation. That is, the ST activities of culture supernatants of JCB571/Tc-1 and JCB570/Tc-1 were 4 and 64 U/ml, respectively ( Fig. 1) mic fractions prepared with polymyxin B were analyzed by SDS-PAGE. The gel, after being stained with Coomassie brilliant blue, is shown in Fig. 2A . As indicated by the arrow, a band of 21 kDa is present in the lanes containing samples from strains possessing dsbA (JCB570 and JCB571/pDS01). A corresponding band was not present in the lanes containing samples from strains which did not possess dsbA (JCB571 and JCB571/pKEN028).
The 21-kDa peptide was purified from the periplasmic fraction of JCB571/pDS01 as described in Materials and Methods, and the putative DsbA was detected by SDS-PAGE. The purified peptide migrated as a single band on SDS-PAGE (Fig. 2B) . The amino acid sequence of the purified peptide was analyzed by Edman degradation. The amino-terminal amino acid sequence of the peptide confirmed that the protein was DsbA, but the sequence initiated from a position corresponding to codon 20 of the DNA sequence (5) . This demonstrated that proteolytic processing of overexpressed DsbA occurs between amino acid residues 19 and 20.
Formation of disulfide bonds of STp by DsbA in vitro. Three hundred nanograms of the synthetic peptide consisting of mature STp was incubated with 12 ,ug of purified DsbA in 1 ml of phosphate-buffered saline. Bovine serum albumin was the control protein for DsbA. After incubation at 37°C for 90 min, the ST activity in the reaction mixture was determined. As shown in Fig. 3 The culture supernatant of JCB570(dsbA+)1Tc-1 was also treated with DsbA in the same manner. However, the ST activity was not markedly increased (Fig. 4B) .
Role of the cysteine residue in the pro region in the maturing of ST. As described above, STp is synthesized in the cytoplasm as the 72-amino-acid residue precursor consisting of three regions (the pre region, the pro region, and the mature STp region). The intermediate consisting of the pro and mature STp regions is released into the periplasmic space (20, 34) . Since DsbA is located in the periplasmic space (5), it is possible that the pro region affects the DsbA-mediated mechanism of disulfide bond formation in mature STp. The cysteine residue at position 39 in the pro region is of particular interest to us, because free cysteine residues of some proteins are involved in their folding and disulfide bond formation (29, 33) . Therefore, we examined the effect of the cysteine residue at position 39 on the maturation of STp in the periplasm.
Plasmids pTB105, pTBlO8, and pTB1O9 were obtained from Tc-1 by site-specific mutagenesis. In these plasmids, the cysteine residue at position 39 was replaced with leucine, alanine, and serine, respectively ( Site-specific mutagenesis to replace Cys-39 was performed as described in the text. Strains JCB570 (dsbA+) (A) and JCB571 (dsbA mutant) (B) were transformed with the mutant plasmids. Culture supernatants were obtained from the transformants by centrifugation as described in the text. The ST activities of the supernatants were determined in the suckling mouse assay. Bars 1, 2, 3, and 4 show the ST activities of samples prepared from strains harboring Tc-1 (wild-type plasmid), pTB105, pTB108, and pTB109, respectively.
Cys-39-mutated STp precursor fused to nuclease A. The plasmids used for the fusion experiment were pKK205, pKK208, and pKK209, and pKK605 was the control (20) . JCB570 (dsbA+) and JCB571 (dsbA mutant) were transformed with these plasmids. The transformants were cultured in Luria broth, and the fusion protein in the periplasmic fraction of each culture was analyzed by SDS-PAGE. The results revealed that the amounts and sizes of the fusion proteins were similar among the samples (data not shown). This result showed that the replacement of cysteine at position 39 does not affect the synthesis and translocation of STp into the periplasmic space in dsbA + and dsbA mutant strains.
To examine the effect of a Cys-39 mutation on the ST activity of dsbA + and dsbA mutant strains, JCB570 and JCB571 were transformed with pTB105, pTB108, and pTB109. The culture supernatant and cell lysate fractions from each were prepared as described in Materials and Methods.
The ST activities of the culture supernatants from the transformants are shown in Fig. 5 . There were no marked differences in the levels of ST activity in culture supernatant among the three transformants of JCB570 (dsbA+) harboring plasmids (JCB570/pTB105, JCB570/pTB108, and JCB570/ pTB109) (Fig. 5A) . What is notable is that the levels of ST activity in these samples were remarkably low compared with that of the wild type (JCB570/Tc-1). Furthermore, there were no obvious difference in ST activities between transformants of the dsbA+ and dsbA mutant strains. That is, ST levels in the culture supernatants of the transformants of JCB571 (dsbA mutant) harboring the mutant plasmids were almost the same as those of JCB570 (dsbA+) harboring the corresponding plasmid ( Fig. 5A and B) . These results indicate that DsbA does not function in the mutant STp substituted at Cys-39.
None of the cell lysate fractions had ST activities. A report has stated that intracellular ST activity can be slightly increased by heating (9) . That report indicated that STs with unformed disulfide bonds are present in cells and that heating favors the formation of disulfide bonds of the intracellular STs. Therefore, we heated the cell suspension at 100°C for 10 min, prepared cell lysate fractions, and examined the ST activities. As shown in Fig. 6 , there was ST activity in every sample. However, the level of ST activity in the sample prepared from Strains JCB570 (dsbA+) (A) and JCB571 (dsbA mutant) (B) were transformed with mutant plasmids encoding Cys-39-mutated STp. Heated lysate fractions of each strain were prepared as described in the text. Bars 1, 2, 3, and 4 show the ST activities of samples prepared from strains harboring Tc-1 (wild-type plasmid), pTB105, pTB108, and pTB109, respectively. the strain harboring the wild-type plasmid was considerably lower than those of the samples prepared from the strains harboring the mutant plasmids. Similar results were obtained with transformants both of dsbA+ and of the dsbA mutant strains (Fig. 6A and B) . These results showed that there is considerable inactive ST of cells harboring the mutant plasmids (most likely in the periplasm). However, almost all STs were considered to be released into culture medium, and the amount of remaining intracellular ST was very low in the cells harboring the wild-type plasmid.
Processing site of mutant STp. To determine the effect of the Cys-39 mutation on the proteolytic processing of the intermediates of STp after release into periplasmic space, we purified STp(Leu-39) from the culture supernatant of E. coli HB101/pTB105. The elution profile of purified STp(Leu-39) from ODP-50 column chromatography showed two peaks that absorbed at 280 nm (Fig. 7, peaks 1 and 2) . The ST activity was superimposable upon both peaks. This result showed that two types of bioactive ST were present. Fractions containing peaks 1 and 2 were individually submitted to sequential Edman degradation. The amino acid sequences of STp(Leu-39) eluted at peaks 1 and 2 were Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-AlaCys-Ala-Gly-Cys-Tyr and Tyr-Cys-Cys-Glu-Leu-Cys-Cys-AsnPro-Ala-Cys-Ala-Gly-Cys-Tyr, respectively. This result demonstrated that the proteolytic processing of STp(Leu-39) occurred at two different sites. One is between amino acid residues 58 and 59, and the other is between 57 and 58 (Fig. 8) .
Native STp produced by HB11/Tc-1 was also purified. Native STp eluted as a single sharp peak from an ODP-50 column (data not shown), showing that STp secreted into the culture supernatant was cleaved at one site. Amino acid sequencing showed that the proteolytic processing of the native STp occurred between amino acid residues 54 and 55 (Fig. 8) . This site is different from those for STp(Leu-39).
DISCUSSION
We found that DsbA is directly involved in the formation of disulfide bonds in STp.
Proteins in which the disulfide bonds are formed by the E. coli DsbA protein have so far been located in the periplasmic space or bound to the membrane (2, 5, 6, 13, 37) . Therefore, it seems that these proteins have sufficient opportunity to inter- act with DsbA in the periplasm. However, it was unknown whether E. coli DsbA protein could act on extracellular proteins. E. coli ST is a typical extracellular toxin, with more than 95% of its total activity found in culture supernatants (9, 20) .
Yu et al. engineered a V. cholerae strain expressing high amounts of the B subunit of E. coli heat-labile enterotoxin (LT-B) and isolated a mutant which had a severe defect in the amount of LT-B secreted into the culture medium (37) . They have cloned and sequenced the gene responsible for this phenotype and found that the amino acid sequence of the gene product shared 40% identity with DsbA of E. coli. Independently, Peek and Taylor found that the mutation of tcpG (toxin coregulated pilus G) of V cholerae affected the extracellular secretion of cholera toxin A subunit and a major protease (probably the soluble hemagglutinin-protease) and that TcpG has homology with the DsbA of E. coli (22) . A comparison of the nucleotide sequences of these two genes (the gene reported by Yu et al. and tcpG) revealed that they are identical. Together with our present results, we concluded that DsbA and DsbA-like protein can act on extracellular proteins other than those located in the periplasm or the outer membrane.
We examined the effect of the dsbA mutation on the ST activity of cells. The dsbA mutation caused remarkable reduction in the ST activity of cells (Fig. 1 (Fig. 7) were determined. The results showed that each STp was cleaved at the positions indicated the arrows. 35 ). The analyses of chemically synthesized ST analogs showed that the disruption of one of the three disulfide bonds caused about a 250-fold reduction in enterotoxic activity and that the disruption of two bonds completely abolished the enterotoxic activity of ST (35) . Therefore, the remarkable reduction in the ST activity caused by the dsbA mutation should be attributable to a defect in disulfide bond formation of STp due to the lack of DsbA action. However, it was unclear how DsbA acted in the disulfide bond formation of STp. Two mechanisms could be considered for the action of DsbA in forming the disulfide bonds of STp. One was that DsbA might alter the redox potential of the periplasmic space in a way that favors disulfide bond formation of ST. Another was that DsbA might directly catalyze the disulfide bond formation of ST.
In vitro disulfide bond formation by DsbA has been identified in some proteins (2, 3) . We also incubated chemically synthesized STps which did not possess ST activity with purified DsbA. As shown in Fig. 3 , the purified DsbA converted inactive STp to active STp, confirming that DsbA directly catalyzes the disulfide bond formation of STp.
Rasheed et al. (25) and Yang et al. (36) hypothesized from pulse-labeling experiments that the three disulfide bridges of ST are formed at the exterior of the cells. Our observation was in conflict with their hypothesis. They analyzed the STs synthesized in vivo with the T7 expression system, which required a shift of the incubation temperature to 42°C. Furthermore, rifampin must be incorporated into the cells (25, 36) . It is likely that these events change the permeability of the E. coli membrane, resulting in leakage of small peptides such as STp. To demonstrate disulfide bond formation in the periplasmic space, labeling experiments with the dsbA mutant strain are in progress in our laboratory.
Treating the supernatant with DsbA increased the ST activity of the culture supernatant of the dsbA mutant strain (Fig.  4A) . This indicated that a considerable amount of inactive STps is released into the milieu. As the STs with incorrectly formed disulfide bonds are inactive as well as those without disulfide bonds (35) , the inactive STs released into the milieu may possess incorrectly formed disulfide bonds. Furthermore, DsbA can exchange disulfide bonds in addition to having disulfide oxidoreductase activity (3, 5) . DsbA might reshuffle the disulfide bonds of these inactive STs and convert the inactive STs to active STs. 
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However, our recent study did not support this hypothesis. We found that the ST activity of the culture supernatant of the dsbA mutant strain was further reduced when the strain was cultured in the presence of 5 mM of 2-mercaptoethanol (2-ME) (data not shown). On the other hand, the ST activity of the culture supernatant of the dsbA + strain was not changed by adding the same amount of 2-ME, showing that it did not damage the active STs in the supematant. This indicates that the reduction of ST activity induced by the 2-ME in the dsbA mutant strain was not due to the destruction of the active STp and but to the inhibition of the conversion of inactive ST to active ST. This means that some of these inactive STs spontaneously become active in the absence of 2-ME. That is, the disulfide bonds of some of these inactive STs are formed spontaneously because of the redox potential of the culture supernatant. Also, 2-ME in the medium might inhibit the spontaneous formation of the disulfide bond of ST. Judging from these observations, the disulfide bonds of the inactive STs in the culture supernatant of the dsbA mutant strain are presumed to be unformed. Subsequently, we found that adding oxidized glutathione to the culture supernatant of the dsbA mutant strain caused a remarkable increase of ST activity (data not shown). This also supported the hypothesis of an ST with an unformed disulfide bond. If the disulfide bonds of the inactive STs are incorrectly formed, these effects of oxidized glutathione on ST activity would not occur.
The above hypothesis is based on the assumption that the unfolded ST crosses the outer membrane. Pugsley has reported that pullulanase must become folded by forming intramolecular disulfide bonds before they are transported across the outer membrane (23) . However, pullulanase is larger than ST (the molecular masses of ST and pullulanase are 1,972 and 116,000 Da, respectively [24, 28] ). The progress of the formation of disulfide bonds in ST in the periplasm of the dsbA mutant strain is thought to be slow, since the surrounding conditions are not suitable for spontaneous disulfide formation (3, 38) . It is likely that STs with unformed disulfide bonds translocate across the outer membrane before the disulfide bonds are formed in the periplasm. However, STs with unformed disulfide bonds must be identified in the culture supernatant of the dsbA mutant strain to demonstrate this hypothesis.
The nucleotide sequences of three ST genes are known. All
STs are synthesized as pre-pro-mature ST consisting of 72 amino acid residues with a cysteine residue at position 39 (10, 20, 25, 27 ). An intermediate composed of the pro and mature regions appearing in the periplasm must be proteolytically processed to become the proper mature form. The Cys-39 mutation caused a significant reduction of ST activity in the culture supernatant of the dsbA' strain (Fig. 5A ). The intracellular ST activity of the heated sample revealed that the inactive STp accumulated in the periplasm of the strains producing Cys-39 mutant ST (Fig. 6) . From these results, we speculated that the proteolytic processing of the intermediate of the mutant STs in the periplasm did not proceed correctly in these mutant strains because of the conformational change that brought about the mutation. To confirm this assumption, we purified the STs released into the culture supernatant of the mutant strain and determined the cleavage site of the mutant ST. The cleavage site of the Cys-39-mutated STp differed from that of native STp (Fig. 8) . This indicated that the peptidase which participated in processing of the native STp in periplasm can not act upon the Cys-39-mutated STp. Thus, the correctly processed peptides should not appear in the periplasm of these mutant strains. DsbA could not act upon these peptides without the prior action of peptidase in the periplasm. We surmise that this is why DsbA did not function in the strains producing the Cys-39-mutated STs ( Fig. 5 and 6 ). We showed that the pro region of STp can promote the translocation of the nascent mature STp region from the cytoplasm to the periplasmic space (34 (36) . This retardation is thought to be favorable for the intermediate of STp to be processed correctly in the periplasmic space. However, the proteins involved in the processing are not fully understood. Efforts to identify the proteins involved in the maturation of ST are in progress in our laboratory.
